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Abstract
Irradiation-induced vacancy evolution in face-centered cubic (FCC) Ni un-
der mechanical strains was studied using molecular dynamics simulations.
Applied hydrostatic strain ε led to different stable forms of vacancy clus-
ters, i.e., voids under ε ≥ +2% and stacking fault tetrahedras (SFTs) under
ε ≤ 0. Direct transitions between SFT and void revealed that increasing ε
magnitude facilitated the thermodynamic stability and dynamical evolution.
The estimated free energy difference could well validate the dynamical sim-
ulations results by accounting for entropic contribution, which was revealed
to play an important role in the thermodynamic stability of vacancy clusters
in FCC Ni.
Keywords: Strain, Stacking fault tetrahedra, Void, Molecular Dynamics,
Entropy
1. Introduction
In nuclear reactors, structural materials are usually exposed to an ex-
tremely severe environment, such as high pressure, high temperature, and
high radiation doses, which lead to vacancies and interstitials inside the ma-
terials [1, 2]. Compared with interstitials, vacancies can persist for a long
time owing to a larger migration energy, and further form clusters [3, 4, 5].
Intensive studies including both experiments and numerical simulations have
reported that voids and stacking fault tetrahedras (SFTs) are dominant
vacancy-cluster forms in face-centered cubic (FCC) metals (e.g., Ni, Al, and
Cu) [6, 7, 8, 9, 10, 11], which could be formed directly in the primary radiation
damage [12, 13]. In addition, SFTs could also form as a result of disloca-
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tion loops gliding [14, 15], collapse of other vacancy clusters [16, 17, 9], and
aggregation of vacancies [7]. Both SFTs and voids could lead to adverse
mechanical degradation, i.e., the presence of SFTs can cause hardening and
embrittlement in metals whereas voids can induce swelling [18, 19, 20, 21, 22].
Therefore, the formation and evolution behaviors of both void and SFT have
attracted considerable attention.
Several external factors are responsible for the vacancy clustering behav-
iors in FCC metals, e.g., temperature, vacancy concentration and irradiation
technology [17, 16, 23, 24, 25, 26]. Recent studies found that mechanical
strains significantly affects the evolution of produced vacancies in FCC met-
als under irradiation, consequently affecting the clustering behaviors, e.g.,
stability [17, 10], concentration [27], orientation [28, 29], and structure [9, 11].
However, because of the complex nature of the sources of mechanical strains
exerted by structural materials, such as thermal stress, external loading, and
strains induced by void swelling and solute precipitation [22, 30], the effects
of applied mechanical strain on the stability and evolution behavior of void
and SFT are still unclear. Moreover, the clustering of vacancies in FCC
metals can exhibit very complex behavior. A recent work on the stability
of vacancy cluster in FCC Ni showed that even though taking into account
the volumetric strains, an unexpected discrepancy was found between the
energetic analysis using density function theory (DFT) at 0 K and ther-
modynamic stability using ab initio molecular dynamics (AIMD) at finite
temperature [9]. Another study in FCC Cu also showed that entropy change
should be considered in the transformation process from void to SFT [16].
Therefore, in this study, by taking FCC Ni (a prototype system of a large
group of Ni-based high entropy alloys [31]) as an example, we performed
molecular dynamics (MD) simulation to study the formation process of va-
cancy clusters under the applied hydrostatic strains. The stability of SFT
and void under different strain conditions are analyzed from thermodynamic
and energetic point of view, which could help us understand microstructural
evolution under irradiation in FCC metals.
2. Method and simulation details
All results were obtained by MD simulations for FCC Ni using the Large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) software
package [32]. Bonny-2013 interatomic potential based on the embedded-
atom method [33] was adopted to describe the interatomic interaction, which
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Figure 1: Schematics of mechanical strains applied to FCC Ni crystal (top) and vacancy
evolution (bottom). The light green box represents the original FCC crystal, the orange
box the strained one, and the red arrow the action of the strains applied. Vacancies are
represented by red spheres, whereas interstitials are represented by green spheres.
has been confirmed to be suitable for the evolution of crystalline defects in
FCC Ni [6, 7, 34]. The simulation cell contains 20×20×20 FCC unit-cells,
with periodic boundary condition applied to avoid surface effect. Perfect
FCC Ni crystal including 32,000 atoms was thermalized using isothermal-
isobaric (NPT) ensemble at 1000 K to obtain the stress-free equilibrium
lattice constant, i.e., a0 = 3.6014 A˚. Next, the applied hydrostatic stains
ε was implemented by stretching or compressing the supercell along each
dimension with the same percentage. Here, various ε values were applied in
the range of −3% ≤ ε ≤ +3%, with ε < 0 corresponding to compression, and
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vice versa. For a specific simulation, after 200 pico-seconds (ps) relaxation
for the strained crystal at 1000 K using canonical (NVT) ensemble, certain
numbers of vacancies were randomly introduced, to obtain the configuration
of vacancy clustering in another 100 nano-second (ns) MD runs. Here, the
temperature and the initial number of vacancies were set to 1000 K and
100, respectively, in accordance with previous studies [7]. Finally, defects
were identified by displaced atom (D-A) analysis, which is widely adopted to
identify SFT [35, 36]. As per the analysis, a sphere centered on an arbitrary
perfect lattice site with a radius of 0.27 lattice constant (1.0 A˚) [7] was used
to define the spacing occupied by a regular atom; consequently, a sphere with
a missing atom was identified as a vacancy, and any atom that did not locate
within these spheres was identified as an interstitial. Visual images of defect
configuration were generated using the VMD software version 1.9.3 [37]. In
particular, at least 10 independent MD simulations were carried out for each
applied strain to check for statistical error.
3. Results and discussion
Figure 2: Snapshots of vacancy clustering in FCC Ni after 100 ns MD runs under
different hydrostatic strain ε conditions. Vacancies are represented by red spheres, whereas
interstitials are represented by green spheres.
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Fig. 2 plots the snapshot of vacancy clustering after 100 ns MD runs
under various strains ε. In the case of ε = 0, SFTs were formed via vacancy-
aggregation mechanism, and no voids are found, which is in good agreement
with previous studies [6, 7]. Further, increasing compressive strain (ε < 0)
led to a similar vacancy clustering behavior, i.e., no void, but smaller-sized
SFTs. Such strain effect has been reported with FCC Cu [17]. In contrast,
when sufficiently large tensile strains were applied, i.e., ε ≥ +2%, as shown
in Fig. 2, vacancies preferred to form voids, which enlarged along with tensile
strains. In this regard, given a certain number of vacancy, either SFTs or
voids would be formed, depending on the applied strain, e.g., for a system
initially containing 100 vacancies as shown in Fig. 2, ε ≤ 0 and ε ≥ +2%
respectively corresponded to the SFT and void-favored region, whereas ε ∼
+1% was an uncertain region where SFT and void could exist independently
or simultaneously (See detailed discussion in supplementary material Table
S1).
Starting from the initial crystal configuration with 100 randomly dis-
tributed free-moving vacancies, stable defect configuration would be spon-
taneously formed, e.g., SFTs under ε ≤ 0 and voids under ε ≥ +2% (See
videos in supplementary files). It is noteworthy that during the formation
of SFT by the diffusion-based vacancy-aggregation mechanism [7], the ag-
gregated vacancies prompt nearby lattice atoms to move towards clusters to
self-form a Frenkel pair [16]. The number of self-interstitial atoms (SIAs)
(NSIA) defined using the D-A approach [35, 36] was revealed to increase
with the growth of SFT. In addition, there is a vacuum space inside the void
structure,which contained no SIAs. Therefore, the time-evolution of NSIA
could be used to characterize the formation process of SFT. As shown in
Fig. 3, in the SFT-favored conditions, i.e., ε ≤ 0, NSIA increased as time t
elapsed, indicating that vacancies aggregated and formed SFTs. A different
process was revealed in the void-favored conditions, i.e., ε ≥ +2%, where
two successive evolution stages were found. For the early stage, i.e., t < tc
(tc denoting the instant when NSIA significantly started to decrease), simi-
lar increasing behavior of NSIA was observed, indicating that small SFT-like
structures were probably formed. Subsequently, these SFTs collapsed into
void gradually, as the SIAs inside recombined with the neighboring vacan-
cies to annihilate one another, thus leading to the reduction of NSIA at the
second stage, i.e., t > tc. Further, the critical time tc was found be sensitive
to the applied strain, e.g., tc = 8.4 ± 1.0 ns at ε = +2% and tc = 3.4 ± 0.5
ns at ε = +3%. In addition, as vacancy clustering is a diffusion-controlled
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process, the applied tensile (compressive) strains could facilitate (suppress)
vacancy diffusion, thus causing faster (slower) growth of SFTs or voids. In
this regard, the applied mechanical strains led to the different stable configu-
rations and the dynamical evolution behavior of vacancy clustering (see also
the mean square displacement provided in supplementary material Fig. S1).
Figure 3: Time-dependence of the number of SIAs (NSIA) during vacancy clustering
under various applied strains. Atomic view of SFT collapsing into void under tensile
strain is presented on top (Red spheres represent vacancies and green spheres represent
interstitials).
The abovementioned forms of vacancy clusters at finite temperatures were
speculated to be a meta-stable state, and a high energy barrier between SFTs
6
Table 1: Transition time (ps) for the process between SFT and void under different strain
conditions, each calculated from an average of 15 individual simulations. If transition did
not occur, the data are denoted by “–”. In some cases, where the transformation only
happened in a few of the 15 simulations, the data are denoted by “PC”, meaning partly
changed.
ε
20 vacancies 35 vacancies 40 vacancies 55 vacancies
SFT to void void to SFT SFT to void void to SFT SFT to void void to SFT SFT to void void to SFT
+3% 0.9± 0.1 – 6.3± 0.5 – 10.1± 1.6 – 20.6± 2.0 –
+2% 7.5± 3.3 – 36.7± 3.4 – 41.2± 2.5 – 457± 118 –
+1% PC PC – – PC – – –
0 – 21.6± 2.1 – 119± 41 – PC – –
-1% – 12.1± 0.8 – 12.1± 0.7 – 20.3± 1.2 – 71.7± 10.8
-2% – 2.6± 0.5 – 7.8± 0.5 – 14.2± 0.7 – 27.9± 5.7
-3% – 1.6± 0.2 – 4.0± 0.3 – 7.8± 0.3 – 11.8± 0.7
and voids states under certain applied strains might exist; thus, requiring
a sufficient long evolution process for the pre-formed structure to directly
transition into another structure, which exceeds the limit of current MD
simulations [16]. To check this conjecture, direct transitions from SFT to
void and from void to SFT were simulated as follows.
To obtain the initial state of a direct transition simulation, a specific
vacancy cluster (either SFT or void) was artificially constructed inside a
strained crystal system following the approach detailed described in Ref. [9,
17]. Next, energy minimization at 0 K was performed to optimize such
defect structure. The strained system was subsequently relaxed at 1000 K
using canonical ensemble for at least 2 ns to simulate the direct transition
processes. In addition, as the size of vacancy cluster, which is equivalent to
the number of vacancies involved, is a predominant factor for thermodynamic
stability [16, 9], various SFT and void sizes were considered to comprise
magic or non-magic numbers of vacancies (i.e., 20, 35, 45, and 55). Further,
15 independent simulations for each case were conducted to limit statistical
error.
As listed in Table 1, transition from SFT to void was not observed at the
SFT-favored strain region (ε ≤ 0) as illustrated in Fig. 2. Similarly, transition
from void to SFT was observed at the void-favored strain region (ε ≥ +2%).
This is consistent with the observation in Fig. 2 that applied strain led to
different stable vacancy clusters at finite temperatures. Otherwise, if an “un-
stable” vacancy cluster was initially constructed at its “un-favored” applied
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strain, it would spontaneously transfer into the “stable” form; therefore, the
corresponding transition occurred in a specific time-interval (the so-called
transition time), ranging from several to hundreds of ps, as shown in Ta-
ble 1. In such conditions, larger magnitude of the applied strain and smaller
cluster size led to shorter transition time. However, exceptions (in which
voids did not transform into SFT within 2 ns) were found under ε = 0 with
large voids containing 40 and 55 vacancies, indicating the presence of a high
energy barrier. In addition, at an uncertain region of ε ∼ +1%, structural
transition between SFT and void appeared to be rare, the detail of this mech-
anism requires further investigation. According to the classical nucleation
theory, high energy barrier decreases the transition rate, thereby resulting
in longer transition time. In this regard, the applied strains suppressed the
energy barrier between SFTs and voids, thus facilitating the formation and
thermodynamic stability of vacancy clustering.
From the energetic point of view, spontaneous vacancy clustering in met-
als occurs owing to the large positive binding energies arising from the elastic
interactions between defects. Hence, the clustering form with lower energy
is more stable, and in fact becomes a criterion widely adopted in numerical
modeling via the DFT and MD methods. However, recent ab initio results
based on the DFT [9] suggested that the formation of void should be energet-
ically favorable at 0 K in FCC Ni, even in the case of applied strains, which
is inconsistent with their ab initio molecular dynamics simulations and our
simulation results at finite temperatures. Taking a typical direct transition
from void to SFT at the SFT-favored strain region (e.g., ε = −1%) as an
example, the time-dependence of potential energy variation in the strained
system containing 40 vacancies during the transition process was traced to
confirm the validity of such criterion. As plotted in Fig. 4, potential energy
continuously increases with the transition of void into SFT, where an en-
ergy increment of ∼ +9.2 eV, against expectation, occurred at the end of
this transition. This result suggested that such criterion was insufficient to
elucidate the stability of vacancy clusters at finite temperatures (more in-
formation on energy difference with cluster containing 3 to 100 vacancies is
provided in supplementary material Fig. S2). Indeed, the discrepancies be-
tween prediction using energy criterion and MD simulation results have been
reported, and they are probably caused by the temperature effect (lattice
vibration) [9] or entropic contributions [16].
In the following analysis, entropic contribution was considered to examine
the stability of vacancy clusters under applied strains. Accordingly, entropy
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Figure 4: Time-dependence of potential energy variation during the transition process
form void to SFT in the strained system initially containing 40 vacancies under −1%
strain. Atomic view of the vacancy clustering structure is presented on top with the time
elapsed (vacancies are represented by red spheres, whereas interstitials are represented by
green spheres).
changes with volumetric change in an isothermal system could be estimated
approximately by ∆S = αB∆V , where α is the volumetric expansion coef-
ficient, B is the bulk modulus [16, 38], and ∆V is the difference in volume
filled by Ni atoms between void and SFT states. Note that the effective vol-
ume occupied by the Ni atoms inside FCC crystal with SFTs is larger than
that with voids [16], and the resulting entropy increment will enhance the
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thermodynamic stability of SFTs compared with that of voids. In this re-
gard, in NVT ensemble, the Helmholtz-free energy difference (∆F ) between
states of SFT and void in a strained system could be calculated as follows:
∆F = ∆U−T∆S. In the current study, we adopted α = 6.36×10−5 /K and
B = 1.73× 1011 Pa, and assumed ∆V = 0.8×Nv×Ω, where Ω is the atomic
volume (Ω = (1 + ε)× 11.7 A˚3) and Nv is the number of vacancies involved.
The energy difference ∆U was estimated as the difference in the lowest po-
tential energy ∆EP of SFT and void in several competitive structures with
energy minimization [9], where kinetic energy is assumed to keep constant
between two states under canonical ensemble. In the vacancy cluster with
Nv = 100 under strain-free condition at 1000 K, compared with void, the
formation of SFT led to an entropic contribution of −T∆S ∼ −60.5 eV,
which is sufficiently large to eliminate the corresponding energetic incre-
ment, i.e., ∆U ∼ +43.6 eV, thus significantly decreasing the free energy,
i.e., ∆FSFT−void ∼ −16.9 eV. That is why SFT was more stable in MD sim-
ulations at finite temperatures under ε = −1%. Consequently, the free
energy difference in the strained system between SFT and void, ∆FSFT−void
(simplified as ∆F below), was calculated as a function of Nv. The results
are presented in Fig. 5, where ∆F < 0 indicates that SFT is more stable,
and vice versa. Although the estimation of ∆F was not rigorous, the results
shown in Fig. 5 are roughly consistent with the MD simulation results in the
foregoing: under strain-free condition and compressive strain (e.g., ε ≤ 0),
∆F < 0 and thus SFTs were stable; in contrast, under large tensile strain
(e.g., ε ≥ +2%), ∆F > 0 and voids were present. Schematics in Fig. 6 sum-
marize the effects of applied strains on the stability of vacancy clustering with
different sizes. In addition, as the magic numbers of the perfect SFTs and
voids are different, the curve in Fig. 5 is somewhat serrated. Thus, under low
tensile strain where ∆F was very small (e.g., ε = +1%, brown line in Fig. 5),
the curve fluctuated around zero, indicating that the relative stability of SFT
and void was size-dependent under ε = +1% (namely “uncertain region” in
Fig. 6). Further, under tensile strain, where void was generally considered
more stable, there was a small size region where SFT was more stable (e.g.,
ε = +3% and Nv < 30). During the formation process of large-sized void,
small-sized SFTs would be formed in the early stage, grow by capturing more
nearby vacancies, and then start to collapse into void when it reached a criti-
cal size (see also in Fig. 3). Therefore, small-sized SFTs could possibly act as
a nucleation center at the beginning of the void formation process. Moreover,
there was also a region (namely “unstable region” in Fig. 6) where both small
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Figure 5: Free energy difference of voids relative to SFTs as a function of vacancy cluster
size in various strains applied.
SFTs and voids were not stable owing to the low binding energy (less than
10 eV, as shown in supplementary material Fig. S3) and could be dissolved
by thermal activation at 1000 K. Accordingly, we assessed the stability of
small-sized SFTs and voids (Nv < 8) in MD simulations and found that all
the clusters were dissolved within 1 ns.
4. Conclusion
In conclusion, we performed MD simulations to study the effects of ap-
plied mechanical strains on the stability and evolution of vacancies clustering
in FCC Ni. It was observed that applied mechanical strains led to differ-
ent stable configurations, i.e., voids were more stable under tensile strain,
whereas SFTs were more favorable under compressive strain. We demon-
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Figure 6: Schematic illustration of the effect of strain on the stability of vacancy clusters.
strate the formation of SFT and void via different vacancy agglomeration
mechanisms under different strain conditions. The stability of vacancy clus-
ters was enhanced by large magnitude of applied strains. Moreover, the
thermodynamic stability of these clusters is also crosscheck by simulating di-
rect transformation. Further, our energetic analysis suggested that entropic
contribution plays a crucial role in the stability of vacancy clusters in FCC
Ni at finite temperature. It is known that the mechanical strain in irradiated
materials which could affect vacancy clustering is dynamic and complex. On
the other hand, the formation of vacancy clusters can lead to swelling (i.e.,
in the form of void) or hardening (i.e., in the form of SFT), thus could be
sources of mechanical strain. Therefore, it is important that these clustering
behaviors be introduced in higher-level models developed for the long-term
12
evolution of irradiation damage accumulation.
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For the uncertain region around +1%, we performed additional simulations under +0.75, +1, and 
+1.25% tensile strain, with 20 independent MD simulations for each. The final configurations 
(shown in Table S1) suggested that the uncertain region where SFT and void could exist 
independently or simultaneously was quite narrow. 
 
Table S1 Proportion of different types of vacancy cluster in Ni under different strains. 
Strain value ε +0.75% +1% +1.25% 
SFT : coexist : void 20 : 0 : 0 6 : 2 : 12 0 : 0 : 20 
 
 
 
 
During the vacancy evolution, at the early stage (t < 20ns), the isolated vacancies rapidly bound 
with the nearby vacancies formed small clusters, which diffused and grew at a fast rate. At the 
later period (t > 20ns), the gradually formed large clusters moved and grew at a slower rate (as 
shown by mean square displacement provided in Fig. S1). This phenomenon was consistent with 
the previous finding that diffusion coefficient is lower for larger clusters [1]. By incorporating the 
effect of the strain, it was revealed that the diffusion of vacancies increased as system volume 
increased. Therefore, the clustering of vacancies was facilitated under tensile strain, but 
suppressed under compressive strain, thereby resulting in the difference in cluster size observed at 
the end of simulations (see in Fig.1). 
 Fig. S1. Different stages of evolution illustrated by mean square displacement of atoms under 
different strain as a function of time. 
 
 
 
Our MD simulations provided inconsistent results for the potential energy difference between SFT 
and void containing 3 to 100 vacancies (shown in Fig. S2), suggesting that the energetic analysis 
based only on potential energy was insufficient for understanding the stability of vacancy clusters 
at finite temperature. 
 
Fig. S2. Potential energy difference between SFT and void under different strain as a function of 
vacancy cluster size. 
The binding energies of void and SFT increased as the vacancy cluster size increased. However, 
small clusters (N < 8) with low binding energies (Eb < 10 eV) can easily dissolved via thermal 
activation at 1000 K. 
 
 
Fig. S3. Binding energy of void (a) and SFT (b) under different strain as a function of vacancy 
cluster size. 
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